ABSTRACT An automated feeding apparatus was developed to maintain the human head louse (Pediculus capitis DeGeer) in vitro. With the use of valves and timers, banked human blood and saline from refrigerated reservoirs were pumped into and ßushed out of the system every 7 d. During this rotational interval, bloodmeals were provided to head lice continuously and ad libitum through a stretched NescoÞlm-silicone sandwich membrane. Compared with our previous in vitro human head louse-rearing apparatus, greater numbers of lice could be fed simultaneously with minimal human monitoring. Development of second to third instars and third instars to adults was signiÞcantly faster when lice were reared in vivo than on either of the in vitro rearing systems; there was no signiÞcant difference in the duration of the Þrst instar. Although fecundity and hatch rates were signiÞcantly higher for female lice reared in vivo, similar trends have been observed for other membrane-fed arthropods. Body lice (Pediculus humanus L.) and bed bugs (Cimex lectularius [L.]) also completed most of their life cycle on this apparatus. Our automated mass-rearing system has broad applications for maintaining ßuid-sucking ectoparasites and will facilitate various toxicological, behavioral, and disease-transmission investigations.
IT IS ESTIMATED THAT 6 Ð12 million people per year in the United States become infested with the human head louse (Pediculus capitis DeGeer), a condition known as pediculosis (Gratz 1997) . Despite its widespread and frequent occurrence, the head louse has been largely ignored for more than half a century. However, interest has grown along with reports of pediculicide resistance (Chosidow et al. 1994 , Mumcuoglu et al. 1995 , Rupes et al. 1995 , Picollo et al. 1998 , Downs et al. 1999 , Pollack et al. 1999 , Lee et al. 2000 .
The greatest obstacle to studying the head louse has been the lack of laboratory colonies. Maintenance of lice on a human host is irritating and arduous, because head lice feed frequently (4 Ð5 times daily). Most researchers are unwilling to maintain head lice on themselves (in vivo rearing).
We recently described an in vitro system for rearing human head lice through an entire life cycle (Takano- Lee et al. 2003) . Lice were fed human blood through a stretched ParaÞlm-silicone membrane. Plasma and red blood cells (RBCs) were purchased from a local blood bank and treated with penicillin and streptomycin. Because this initial in vitro rearing system (hereafter referred to as the manual in vitro system) required daily human maintenance, an automated in vitro system that minimized human labor was developed.
Materials and Methods
Insects. All head lice used in these experiments were from a California head louse (CA-HL) colony, maintained in vivo in our laboratory since June 2001 (Takano- Lee et al. 2003) . CA-HL were obtained from local elementary school nurses. Only teneral (newly hatched) Þrst instars were initially placed in the in vitro rearing system, because we had previously observed that this stage fed most successfully through a silicone-reinforced ParaÞlm membrane.
Human body lice (Pediculus humanus L.) were obtained from Dr. Kosta Mumcuoglu at Hebrew University (Jerusalem, Israel). His colony was derived from the colony created at the United States Department of Agriculture Orlando Laboratory in Florida during the late 1940s. It is adapted to feed on rabbits every 24 Ð 48 h.
Bed bugs (Cimex lectularius [L.]) were obtained from Dr. Harold Harlan (Crownsville, MD). They were derived from military barracks at Fort Dix, New Jersey, in 1973. These insects have been reared mainly on human blood.
Artificial Membrane. Two 6.25-cm 2 pieces of NescoÞlm (Karlan Research Products, Bando Chem-ical Industries, Kobe, Japan) were reinforced with Ϸ0.25 g aquarium silicone sealant (Perfecto Manufacturing, Noblesville, IN) placed between the two layers. A wooden applicator stick was used to roll the silicone evenly between the layers. The silicone-reinforced NescoÞlm was stretched in two directions to about four times its original size. The stretched membrane was placed over the cut end of a 5-ml pipet tip (1.25 cm diameter ϫ 4 cm length) and permitted to cure for 24 h. After curing, the membrane-covered feeding tubes were sterilized with 70% ethyl alcohol and exposed for 30 min to a UV lamp in a laminar ßow sterilization hood.
Bloodmeals. Transfusible units of RBCs and plasma were purchased from a local blood bank. Only collections from A ϩ blood type donors were requested. Blood units were obtained from a single donor to avoid any undesirable cellular interactions between blood units from different people. The RBCs were stored in 50-and 12.5-ml aliquots in the refrigerator (2Ð 4ЊC). Plasma units were stored in 50-ml aliquots in the freezer (-20ЊC) and thawed 24 h before use. Blood units were recombined at the ratio of 1.25 RBCs:1.00 plasma and preserved with penicillin/streptomycin antibiotics (200 U antibiotic/ml blood) (Sigma-Aldrich, St. Louis, MO). A blood volume of 62.5 ml RBCs, 50 ml plasma, and 2.25 ml antibiotic was sufÞcient to feed lice for 7 d with no microscopically detectable microbial growth. Bloodmeals were examined by stereomicroscope, for evidence of microbial contamination, as the color of the blood darkened. Automated Feeding Apparatus. The feeding system consisted of three distinct parts: the ßuid-release system, the feeder system, and the ßuid-drainage system (Fig. 1) .
Fluid-Release System. Two 0.5-liter polypropylene reservoirs (one for blood and the other one for phosphate-buffered solution [PBS], pH 7.2) were held within a small refrigerator (1672.3 cm 3 ) (Magic Chef, Avanti Products, Miami, FL) at 2Ð 4ЊC (Fig. 1A) . Each reservoir was equipped with a tapered-end polypropylene tubing connector (4.8 Ð7.9 mm) (Fisher, Fisherbrand, Pittsburgh, PA), which was attached to the reservoir with epoxy resin (J-B Weld, Sulfur Springs, TX) and served as the output ßow portal. Silicone tubing (6.4 mm I.D., 9.5 OD, 1.6 mm thickness) (Nalgene, Rochester, NY) connected both reservoirs to the feeding arena (6 cm diameter ϫ 3 cm height). Flow was regulated by a solenoid-powered, two-way pinch valve (10 mm OD, 24 VDC) (Cole Parmer, E. Clark & Associates, Clinton, MA), and each valve was controlled by a linear open-frame DC power supply (Grainger, SPX, Muskegon, MI), which was connected to a programmable timer (Grainger, Dayton Electric Manufacturing, Niles, IL) that was wired to an AC power supply. After the silicone tubing passed through the valve, ßow through the tubing was further reduced by a Castaloy hosecock extension clamp (Fisher). Because each timer could be controlled on a per 1-min interval, the tubing diameter was restricted by the clamp to supply the feeding reservoir with Ϸ15 ml blood or 15Ð20 ml PBS within 1 min. After passing through a clamp, the two tubes were joined via a Y-connector to a single length of tubing that exited the refrigerator (through the door seal) and ßowed to the feeding reservoir, a part of the feeder system. An air portal 8 cm downstream from the clamp was included to allow ßow.
Release of ßuid from each of the liquid reservoirs was controlled by programmable timers. Fifteen minutes before and Þve minutes after ßuid release, a timer-controlled (Fisherbrand traceable countdown controller) magnetic stirrer gently mixed the blood. Approximately 23.5 h after the release of fresh blood into the feeding reservoir, a peristaltic pump drained the remaining old blood into a receptacle containing commercial-grade bleach (5% sodium hypochlorite). A subsequent series of three PBS ßushes, each drained by the peristaltic pump, removed the old blood residue. This rinsing was followed by the timer-controlled addition of new blood into the feeding reservoir.
Feeder System. The feeding system was manufactured from the lower half (3 cm height) of a modiÞed 250-ml polymethylpentene jar (6 cm diameter) (Nalgene, Rochester, NY) (Fig. 1B) . Each feeding reservoir contained a circular Plexiglas tray (6 cm diameter, 2 mm thickness) with 13 evenly spaced holes (1.25 cm diameter) cut with a Dremel Multipro tool (Dremel, Roche, WI). The center of the Plexiglas tray had an opening for a Plexiglas stirrer (3 mm diameter) to pass through. Each of the 13 holes held a feeding tube in which the diameter of the holes was large enough to allow the insertion of feeding tubes, but small enough to securely hold them as well. Each feeding tube was manufactured from a truncated 5-ml pipet tip (1.25 cm diameter ϫ 2.3 cm height) and covered by a stretched NescoÞlm-silicone sandwich membrane. The membrane-covered bottom of each feeding tube was submerged below the surface of the bloodmeal in the blood reservoir. Inverted tufts of human hair (2 cm), obtained from one of the authors (M.T.-L.) or a beauty products store, were secured by hot glue on one end and placed into the top aspect of each feeding tube. Teneral Þrst instars were placed onto the tufts, permitted to feed via the artiÞcial membrane on the bloodmeal provided below, and observed daily.
The feeding reservoir was continuously stirred by a motorized stirrer (EMI, Clinton, CT) at Ϸ50 Ð 60 rpm. The stirrer was made from an acrylic rod (14.2 cm ϫ 3 mm for the shaft) with a propeller blade consisting of 50-lb test monoÞlament Þshing line (0.074 ϫ 6.8 cm) attached with epoxy resin. The motorized stirrer was suspended over the feeding reservoir by a ringstand. A heating mat (ZooMed, San Luis Obispo, CA) placed beneath the feeding reservoir was regulated by a thermostat and maintained the bloodmeal at Ϸ30 Ð31ЊC.
The feeder system was encased by a 0.63-cm-thick Plexiglas box (38.75 ϫ 42.50 ϫ 95.63 cm) to reduce contamination, while maintaining relatively constant temperature (30 Ð31ЊC) and relative humidity (60 Ð 75%). To maintain high relative humidity, a piece of Plexiglas (29 ϫ 6 ϫ 0.2 cm) was placed into a glass 600-ml beaker containing deionized water. A folded piece of Brawny paper towel (27 ϫ 6.5 cm) was suspended over the Plexiglas with its ends submerged into the water. A hinged front panel facilitated the removal and addition of various feeder assembly parts and was fastened with trunk latches while in operation.
After the 7-d blood supply was depleted, all tubes and reservoirs were bleached, washed with detergent, rinsed with deionized water, and autoclaved before its next use. An identical set of tubes and reservoirs was used because the cleaning and cooling process required 2Ð3 h. Lice were unaffected by the ϳ1-h interruption in bloodmeal availability, while the apparatus was changed.
Fluid-Drainage System. Old blood and PBS ßushes were removed from the feeding reservoir by a peristaltic pump, controlled by a 7-d programmable digital timer (General Electric, Cleveland, OH) (Fig. 1C) . All liquid waste was pumped into a 4-liter receptacle containing commercial-grade bleach.
Data Analyses. Life history data (developmental rates, fecundity, mortality) for the automated in vitro system were collected and compared with similar data collected previously on lice reared in vivo and on a manual in vitro rearing system (Takano- Lee et al. 2003) . Development time, longevity, fecundity, and proportion hatching success (arcsine [square-root] transformed) of lice reared by different methods were compared using a one-way analysis of variance (ANOVA). If the overall F value was signiÞcant, TukeyÕs test was used to determine differences between means. Statistical signiÞcance was determined at the P Ͻ 0.05 level in all tests.
Rearing Body Lice and Bed Bugs. To examine the feasibility of rearing other blood-sucking arthropods on the automated in vitro system, we placed body lice and bed bugs within feeding tubes and observed their life histories. Rearing methods were identical, except that instead of a tuft of human hair, body lice were placed on a folded piece of black felt (4.0 ϫ 0.4 cm) and bed bugs were placed on a piece of folded Þlter paper (one-quarter of a 2.0-cm-diameter circle).
Results
The percentage of teneral Þrst instars that successfully fed and survived the Þrst 24 h was signiÞcantly greater for those reared in vivo or on the automated in vitro system than the manual in vitro system ( Table 1 ). Lice that were reared in vivo tended to develop more quickly than those reared on either in vitro system, with the exception of development to second instars (Table 1) .
Longevity of those reared on the automated in vitro system did not signiÞcantly differ from those reared in vivo or on the manual in vitro system, although the latter two did signiÞcantly vary (Table 1) . Females, however, survived for signiÞcantly longer periods of time if they were reared either in vivo or on the automated in vitro system, relative to the manual in vitro system (Table 1) .
Daily fecundity of females reared in vivo was also signiÞcantly greater than females reared on the automated in vitro system (Table 1) . Hatching success of eggs laid on the automated in vitro system was significantly reduced in comparison with those oviposited in vivo or on the manual in vitro system.
It was possible to rear body lice on the automated in vitro system. Most body lice survived the initial 24 h of feeding on the system (92%), although this number fell slightly at 48 h (76%) and 72 h (63%). Life history characteristics were similar to those of head lice reared on the same system, although longevity and fecundity of adults were reduced relative to head lice. Despite the maintenance of high humidity levels, few body louse eggs hatched, although mating was observed and several eggs developed eyespots (denoting embryonation) (Table 1) .
Eighty percent of bed bugs ingested a bloodmeal and survived the Þrst 72 h. Bed bugs reared on the automated in vitro system molted into adults after 21.13 Ϯ 0.90 d and survived for an average of 40.88 Ϯ 2.15 d. Bed bugs were successfully reared to adults, but few eggs were laid. No eggs hatched, although copulation was observed.
Discussion
The human head louse was reared successfully in vitro on an automated feeding apparatus with relatively minimal maintenance. One of the largest problems in designing this rearing system for human head lice was bacterial and fungal contamination. Microbial contamination caused the midguts of fed lice to burst, causing the lice to turn red and die within hours, with a subsequent reduction in feeding success. The addition of penicillin and streptomycin minimized bacterial contamination, but required concentrations much higher than those found effective for the manual in vitro rearing system (200 versus 50 U of antibiotic mixture). The increased concentration was necessary because the automated in vitro system was not cleaned for several days and hence was more prone to bacterial growth. Fungal contamination (Rhizopus spp.) also compromised bloodmeal quality, but could be controlled by minimizing the diameter of the stirrer aperture in the Plexiglas tray (to reduce exposed surface area to contamination), or by adding pimaricin, an antifungal agent (Sigma-Aldrich).
Differences between the two in vitro feeding methods were minimal and did not greatly vary from lice reared in vivo. Statistically signiÞcant differences that existed ranged between 10 and 17%. A difference of Ϸ1 d in development time is of little practical or physiological concern. These life history differences were probably caused by the fact that insects ingesting bloodmeals through artiÞcial membranes generally take smaller meals than when feeding in vivo (e.g., Harrington et al. 2001) . Additionally, the quality of bloodmeals in the automated in vitro system undoubtedly differed from that of a live human host. Interestingly, eggs laid by lice reared on the automated system failed to hatch unless equipped with a water wick, whereas eggs laid by lice reared in vivo successfully hatched on the automated feeder without additional humidity (32Ð 40% RH versus 60 Ð75% RH).
Use of this automated in vitro rearing system permits the testing of various systemic and topical pediculicides of both synthetic and natural in origin. Using hair tufts, bioassays mimic in vivo pediculicide application, and results can be observed under controlled, reproducible, and realistic conditions. The in vitro feeding apparatus also offers many opportunities to study head louse biology and their potential for disease agent transmission.
It is desirable to minimize life history differences between lice reared in vitro versus in vivo, because these may impact their behavior or physiology. Weaver et al. (1993) demonstrated that the intestinal distribution of western equine encephalomyelitis in Culex tarsalis (Coquillett) was signiÞcantly different when mosquitoes were infected by natural versus in vitro feeding. Obviously, such differences would limit conclusions that could be drawn from arthropods reared or infected in vitro. Additional experiments are needed to safeguard against this possibility.
Body and head lice are considered to be ecologically separated, because their lifestyles and preferred habitats differ. It is generally accepted that body lice do not have to feed as frequently as head lice. Buxton (1940) was one of only a few researchers to rear body lice in vivo within conÞned containers, for 16 h per day. Under these conditions, body lice adults survived an average of 25.5Ð30.5 d and laid an average of 2.9 Ð 4.4 eggs/d (Buxton 1940) ; these values are greater than our observed in vitro life span of 15.4 Ð18.8 d and mean egg production of 1.1 eggs/d. The fact that our lice were granted access to blood at all times may be responsible for the shorter life span, and the diluted and aged quality of the bloodmeals may account for the diminished fecundity. Mating among body lice was frequently observed, and developing eggs exhibited eyespots, indicating that viable sperm transfer had occurred. Hatching success was low, perhaps because of the quality of the blood. Bloodmeals delivered in the automated feeder system vary signiÞcantly from a fresh host: they are diluted with anticoagulant, supplemented with antibiotics, and less sterile. It is also possible that life history differences are artifacts of a rabbit-reared strain that has become adapted to feeding only every 24 Ð 48 h.
Recently, Montes et al. (2002) demonstrated that C. lectularius could be mass reared in vitro, with weekly feedings; bed bugs became adults within 35Ð 45 d. Our bed bugs reached adulthood within an average of Ͻ22 d, suggesting that offering bed bugs a bloodmeal ad libitum might shorten their developmental cycle. Unlike Montes et al. (2002) , we found that bed bugs were readily attracted to blood warmed to 30 Ð31ЊC, the approximate surface temperature of human skin. We hypothesize that bed bugs may have been unable to lay eggs because of inadequate mating attempts or gamete deÞciencies created by a less than optimal diet. It is entirely possible that the addition of penicillin/ streptomycin antibiotics may have adversely affected the fecundity and fertility of the bed bugs, or affected the health of their symbionts.
There are additional modiÞcations to our automated in vitro rearing system that could easily be implemented. For example, the Plexiglas cover box could be replaced by an incubator that would maintain constant environmental conditions. Likewise, the occasional feeding of a fresh human bloodmeal to the lice might increase their long-term Þtness, as well as increasing the frequency that the feeding apparatus is changed. However, the protocols presented in this work completely eliminate the need for a live human host during feeding. Under these artiÞcial circumstances, acceptably lower reproductive Þtness was expected.
